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EFFECTS OF ADDITION ON THE NITRIDATION OF SILICON POWDER 

Y. Hasegawa, Y. Inomata, and K. Kljima 
National Institute for Research In Inorganic Materials, Ibarakl-ken 

T. Matsuyama 

R and D Division of Norltake Co., Ltd. Nagoya, ^151 

The reaction of silicon powder (purity: 99/», average particle 
size 15 ym) and nitrogen ( 02 < 0.5 Ppm, dew polnt<«60°C) was studied 
In the range of 1300-1^<00°C. When the addition of ^6202 to the 
silicon was more than 0.8 wtjS, the progress of the reaction was 
linear and compared to samples with no addition the reaction veloc- 
ity Increased 5-10 times. 

The reactions were mediated by the process of peeling and 
cracking In the thin layer of SlgNi^ formed either on the silicon 
particles or on the surface of the Fe-Sl melts or by the process 
of dissolution eduction from the Fe-Sl solution. As the addition 
of Fe 202 to the silicon Increased, the reaction activation energy 
for highly pure samples decreased from about 16 O kcal/mol to about 
133 kcal/mol. ^®2*^3 exceeded the SI 2 N 21 solubility limits 

was finally converted to a-Fe. The solubility limit of Fe in 
Si^N^jWas in the range of 0.2^-0.il9 at^ at li|00°C. 

1. Background A6 


There has been much research carried out concerning the re- 
reaction of silicon powder and nitrogen. It Is known that certain 
Impurities Inside the silicon powder used for nitridation acceler- 
ate the nitridation reaction. Among these impurities, Iron 
compounds are very effective [1, 2]. This kind of research is 
being conducted continuously, but there has been no research dis- 
cussing the velocity of the reaction [3^ 4]. 

* Numbers in the margin indicate pagination in the foreign text. 
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Factors other than impurities in the silicon have been re- 
ported as affecting speed of nitridation, for example minute 
quantities of oxygen in the nitrogen atmosphere [5-10]. For this 
experiment we established a comparatively pure nitrogen atmosphere 
(02<0.5 ppm, dew point<-60°C) , and studied the effects of Pe 203 
dition, chiefly in respect to velocity [ll-lll]. The results have 
been integrated and reported below. 

Many additives have been reported effective in the accelera- 
tion of nitridation. The reason we have chosen iron, which is 
easy to combine by a silicon pulverization process, is that it is 
the most universal of powders for industrial use, and an oxide, be 
cause minute amounts of powder are easy to procure as reagents. 

2. Experiment s 

2.1 Materials 


The silicon powder used in the experiments was 99 ^ 99 % pure 
and was from the Takajundo Chemical Co., Ltd. Lump silicon was 
pulverized with a stainless steel ball mill. The powder from 
which impurities had been removed by acid treatment had average 
particle size of about 15 ym, and the chief impurity was iron, 
0.007 wt^ was detected by X-ray fluorescence analysis. The pow- 
der was also analyzed for aluminum and calcium, but none was de- 
tected. The powder was not analyzed for oxygen content. The 
particle distribution was measured by the Omnicon Pattern Analysis 
System of the Shimazu Manufacturing Co., Ltd. The results are 
shown in table 1. 

The nitrogen used for the reactions was obtained from a gun 
of highly pure liquid oxygen by evaporation (02<0.5 PPm, dew 
point<-60°C) . The additive was of special quality 

with particle size belov; 0.5 ym. 
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2.2 Nitrldation 


One gram of the silicon powder* and was precision 

weighed and placed in an agate mortar. The mixture was moistened 
with 1 or 2 drops of distilled water and after mixing with care so 
as not to pulverize further, was shaped into a disc using a 15 mm 
steel mold. After drying a day and a night, the disc v/as reweighed 
and the experiments carried out. The packing rate of the powder 
was about 60^, and the thickness of the sample was about 4 mm. 

After drying, the sample 
was placed in an alumina 
(Al202>99^) crucible and 
lowered into a vertical tubular 
furnace, the core of which is 
an alumina tube. A thermo- 
balance was applied continuous- 
ly. After the atmospheric ni- 
trogen had been displaced, the 
temperature was raised about 
150°C/h until the determined 
temperature had been reached 
while injecting 500 cc of ni- 
trogen per minute. When the 
temperature was reached, it 
was maintained, and the increase 
in weight and the temperature 
was recorded. The experimental temperatures were near 1300, 1350, /47 

and 1400®C. The amount of additive was chosen after consulting 
Suzuki's results [2], and were by wt^ of the unreacted mixture 0, 

0.8, 1.6, 3.2 and 6.2. 


TABLE 1, SIZE DISTRIBUTION OP 


SILICON POWDER USED 
PERIMENTS 

IN THE EX' 

Diiimeler of 

Number of overeite 

Percent 

panicle (mil) 

pnrtlcle 

(wifi) 

Tolat 

B2»a 

100.0 

0.5 

5739 

100.0 

1.0 

4521 

09.97 

2.0 

2345 

99.55 

3.0 

2055 

93.7 

4.0 

1474 

97.0 

S.O 

1045 

94.5 

ll.O 

511 

92.0 

7.0 

515 

ee.s 

e.o 

442 

83.9 

fl.D 

354 

80.3 

10 

255 

70.5 

13 

192 

09.4 

14 

127 

59.1 

10. 

53 

49.5 

I» 

55 

41.5 

20 

40 

34.9 

22 

30 

29.5 

24 

22 

22.2 
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Results 


3.1 Rectlon Velocity 

The results concernlnc 
temperature and reaction veloc- 
ity are in tables 2-1 through 
2-5 for each ^ 02^3 ^.ddition. 

The items concerning the re- 
action are not from the begin- 
ning because the data are from 
after the temperature inside 
the furnace had become regu- 
lar. The reaction velocity 
A (ym/h) is from the increase 
in weight measured by the thermobalance, which is the change in 
the speed of decrease in the size of silicon particles. This was 
done as previously reported [12], but this time, dead time was not 
calculated. AT/At were claculated separately for reaction 
range units for the value of A. The relationship formula neces- 
sary for this conversion is 12 

X = "s{l-(l-T/R )3)a (1) 

n-1 “ “ 

x: silicon after reaction, the weight as opposed to the amount 
Initial silicon 
m: number of particle layers 

T: decrease in size of silicon particles, the thickness of 
silicon after reaction 
Rn*. the average size of particles n 
n: the weight of particles n 

The relationship between x and T according to this formula are 
shown in figure 1. 

The value of A in table 2, l.e. the calculation of AT/At, 
was calculated by contrasting the amount of silicon in the sample 



Wk. I. Cnirulaliil nlaiiim Iji’tiveiji x imd T 
in iui, cn fur ilitt silicon imwilrr In 
Tiililu t, liml point allows the end of 
llio reeeiiaii. 
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TABLE 2-X. CALCULATED REACTION 
HATE, A m/h. ADDED PegO^: 0^ 


Reaiiinn 


ItmiKi! of 

JT 

it 

A 

trjh{>eruture 

(t) 

rrncllim 

(.%} 

(/ml) 

(ll)_ 

(/rni/li) 

I3S0 

1337 

10-10 

0.114 

0.82 

0.017 

I4(W 

1406 

10 15 

0.114 

0,24 

0.475 


1408 

10-20 

0,125 

0.10 

0.781 


1408 

20*25 

0.130 

0.20 

0.023 


1408 

25-30 

0,147 

2.00 

0.074 


1408 

30-35 

0,159 

0.50 

0.029 


Table 2-2, Culcululcd rviiction raU.'i /t /on/h, Ailik'd 
FciOii O.Bwl?^ 


Reliction 

Ranue of 

JT 

it 

A 

(cmt>erAture 

tencllon 

</ml) 


(/iin(h) 



(?9) 

■(h) 

1300 

1309 

10-15 

0.114 

2,44 

0.047 


1310 

15-20 

0.125 

1.34 

0.093 


1310 

20' 25 

0.130 

l.CO 

0.033 


1310 

25-30 

0.147 

1.78 

0.083 


1310 

30 35 

0.150 

1.21 

U.131 

1350 

1359 

10 15 

0.114 

0.67 

0.170 


1301 

15-20 

0.125 

l.OS 

01 15 


1302 

20 25 

0.130 

0.40 

0.310 


1303 

20-30 

0,147 

0.37 

0.3J7 


1303 

30-35 

0.159 

0-38 

0.418 


1303 

35 40 

0.173 

0..39 

0.411 


1303 

40-45 

0.187 

0.54 

0.316 


1303 

43 50 

0.207 

0.02 

0.331 


1363 

50-55 

0.230 

1.02 

0.223 

1400 

1400 

10 15 

0.114 

0.31 

0.3U8 


1401 

10-20 

0.123 

0.37 

0.338 


1401 

20-25 

0.130 

0.20 

0,023 


1401 

25-39 

0.147 

0.17 

0.865 


1401 

30-35 

0.159 

0-11 

1.43 


1401 

36-40 

0.173 

0.12 

1.44 


1401 

40-40 

0.187 

0.12 

1.95 


1401 

46-50 

0.207 

0.14 

1.48 


1401 

60-55 

0.230 

o.to 

2.30 


1401 

65-60 

0.255 

0.17 

1,51 


1401 

60-05 

0,287 

0,17 

l.CO 


1401 

55-70 

0.319 

0.24 

1.33 


1401 

70-78 

0,337 

0.36 

0.992 


(sample weight-amount of PCgO^) 
with the detected increase in 
weight. Strictly speaking, 
since the reaction system was 
an open one, there were identi- 
cal reactions with silicon 
and the alumina crucible and 
between silicon and the oxygen 
in the silicon, the oxygen in 
the atmosphere, and the oxygen 
in the FegO^ [i!, 9, 15, 16] 
with the result that the in- 
crease in weight did not always 
correspond to the reaction rate. 
However, as will be explained 
later, the scattering was very 
slight and has been ignored 
in the calculations of table 2. 

3.2 The Condition of the 

Silicon Nitride' Formed 

The mineral composition of 
the nitrided samples as deter- 
mined by the X-ray diffraction 
method were investigated [17], 


and the results arb shown in table 3. X-ray fluorescence analysis 
indicated that the iron additive did not scatter outside the sys- 
tem, but remained inside the nitrided sample. In samples with 
more than 3.2 \jt% ESgO^ added, all of it remained as metallic 
iron. The addition of P®2^3 large quantities caused the gener- 
ationof SlgNgO. The amount of 3 phase material in the nitride, in 
general, was greater at high temperatures. 
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TABLE 2-3. CALCULATED REACTION 
RATE. A m/h. ADDED Pe2°3* 


Kfact{on 

tetnp«riiiurc 

Kirnttc n( 
tcnctlon 

JT 

4t 

A 

(C) 


(»> 

(m) 

«h) 

Omi/I') 



•• - » > • — - 

■ - 

E.-T 


tm 

i3or 

10 13 

0-114 

2.04 

0,050 


J307 

15 Id 

0.125 

I.BO 

0,069 


!3M 

20 23 

D-130 

1.15 

0,118 


I30T 

2S 30 

0.147 

1.22 

0.120 


1307 

30-35 

0.159 

1.32 

0.120 


J307 

33-40 

0.173 

1.40 

0,124 


J307 

40 45 

0.157 

1.00 

0.117 


1307 

40-00 

9.207 

t-96 

O.IOO 


>307 

SO-SO 

0.230 

3.04 

0,070 


1307 

85-09 

0-255 

0.86 

0.037 

(ISO 

1303 

IO-20 

0.125 

0.74 

0.109 


1303 

20-25 

0.136 

0.69 

0,200 


laos 

25-39 

0.147 

0,44 

9.33( 


loss 

30- 33 

0.169 

<9.33 

0,494 


13CS 

33 40 

0.173 

0,37 

0,465 


>3flS 

40-45 

0.107 

0.32 

0.594 


>305 

45-50 

0.207 

0.40 

0.515 


1303 

SO'OS 

0.230 

0.40 

0.570 


130s 

OS' 00 

0.256 

0.45 

0.569 


1305 

CD-CS 

0.257 

0,55 

0.813 


1305 

03 70 

0.319 

0.71 

0,449 


130S 

70-75 

0.337 

0,00 

0.347 

tm 

1399 

15-20 

0.125 

0.20 

0.525 


I3J!) 

29-25 

0.135 

0,20 

0.530 


1400 

25-30 

0.147 

0,24 

0.513 


UOO 

39-35 

0.159 

0.10 

0.994 


>409 

M-49 

0-173 

0.14 

1,24 


KOO 

40-45 

0-167 

0.09 

2,34 


UOO 

45 60 

0-207 

0,12 

1.73 


HD( 

59-55 

0.230 

O.DS 

2.58 


1407 

69-CC 

0.255 

0.06 

3,20 


1407 

OQ'fiS 

0.257 

0,12 

2.39 


1407 

65*70 

0.319 

O.IB 

1.77 


1407 

70-75 

0-357 

0.10 

3.87 


cept got the initial period of 


Parts of samples with dif- 
ferent amounts of additive 

nltrlded at lilOO°C were lightly 
pulverisjed in an agate mortar 
and the resultant powde observed 
by electronic microscope. The 
results are shown in figure 2. 

In all cases, minute rectangu- 
lar crystals were ob-^.** ’Od. 

There was no special relation 
between the differences in the 
amounts of 1 ^ 62^3 '^he 

configuration of the SigNjj formed. 

Observations 
^.1 Reaction Velocity 


Figure 3 is an Arrhenius 
plot of table 2. In table 2, 
hyperbolic reactions were noted 
in systems with no Fe^Oo added, 

ci J 

but linear reactions were noted 
when there were additions ex- 
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the reaction. This tendency can 


be seen in figure 3. When different amounts of FegO^are compared 
in figure 3, the addition of 5 'Q 2*^3 silicon powder acceler- 
ated nitrldatlon, but addition of ^^^ 2^3 al- 

ways effective. Except for low temperatures, the speed of nitri- 
datlon accompanied the Increase of additive but there was a 
tendency for saturation. The nltridation speed at li|00°C with an 
additive of ^^ 2 ^^ more than 1.6 wt^ was 5-10 times higher than 
when there was no additive. This effectiveness at acceleration 


was remarkable at low temperatures. 
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Pig. 3(2) 
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con, as In the present experlnent, 
such as the following take place d 


Table 4 shotufs the reaction 
activation energy found fron 
figure 3- The average values 
between 1300-1^00®C are re- 
corded In the table. The val- 
ues could not be recorded when 
there was no additive, but In 
the range where the addition of 
PejO^ was small, the values of /51 
highly pure reactions which 
were 156 kcal/mol [11], and 
158 kcal/nol [12], agree very 
closely. As the ^© 2^3 
Increased the values tended to 
become lower. This was obvious 
In reaction with an additive of 
6.2 wtX, and it Is possible 
that when the additive la large, 
the rate of reaction Is deter- 
mined by a different mechanism. 

The State of the Iron 



When ^ 620 ^ coexists with 
a sufficient quantity of slll- 
It Is estimated that reactions 
ring nltrldatlon. 
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The similar reactions 
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Sl^N^-FCgO^ and Sl-Sl^M^^-AljO^ 
are also thought possible [15. 
16], In any case, when the re- 
action system Is open as In this 
experiment, SIO Is transferred 
out of the reaction system dur- 
ing the reaction period because 
It Is volatile [ 15 . 16 ], and iso- 
lated Iron or slllclde such as 
PeSl^ Is generated. It Is be- 
lieved that when the temperature 
Is above 1208°C, the common melt 
Ing point of FeSl,-Sl [I 8 ], a si 
llcon solution of iron Is gener- 
ated. If the reaction proceedB 
sufficiently, the solution limit 
of Sl^N^ ir exceeded, and the 
Iron additive, as shown In 
table 3. exists as metallic 
Iron which retains Its equilib- 
rium with at less than 

one atmosphere of nitrogen [19]. 


For example. In table three, for the sample which was nitrlded 
at 1300°C with a ^ 02 ©^ additive of 3.2 wtt, a 10J5 residue of sili- 
con was noted In the sample after nitrldatlon. In spite of this, 
the generation of metallic Iron was noted. This can probably be 
explained by lack of uniformity of reactions In the samples. As- 
cordlng to tagle 3. when more than 3.2 »;tj of ^ 02 ©^ (corresponding 
to 0.^9 atj Fe in the Sl^Ni^ when nitrldatlon was completed) was 
added, metallic Iron was generated. Consequently, we can say that 
in the present experiment, the solubility of Iron Into Sl^Nij at 
near 1^00°C was In the range of 0.24-0. ^9 atj. This value is 


10 



almost In aereement with that of another experiment [19] in which 
the solubility of iron synthesized in with the same startinf? 

materials was in the range of 0.il-0.6 atjj. 

The amount of disassociated silicon noted by X-ray diffraction 
and records in table 3 is, in general, smaller than that calculated 
from the results from the thermobalance. This is possibly due to 
the fugacity of SiO mentioned earlier, V;hen PegO^ v/as added at 

6.2 wt5S, there was more than 100^ nitridation of the sample at 
near l400°C. This is thought to have some connection with the 
fact that Si 2 N 20 v/as noted in the sample. 

4.3 Structure and Shape of the Silicon Nitride Formed 

The o«^nerated by nitridation of silicon in these experi- 

ments was, as shown by table 3, largely a phase, As the tempera- 
ture became higher and the Pe 203 was increased, there was a slight 
tendency for 3 phase to increase, but not markedly. 

The relation of temperature to the amount of 3 phase j.s pro- 
baMy due to the fact that 3 phase is rather stable at high tem- 
peratures [lY]* It is believed that first a phase is generated, 
and this by going through a process of sublimation, recrystalliza- 
tion is converted Into 3 phase. The increase of 3 phase which 
accompanies an increase in Psg^s addition is probably dur to the 
acceleration of the recrystallization in the solution [13, 17]. 

In Figure 2 can be seen some idiomorphic clear minute crystals 
thought to have been formed by crystal frowth. 

4 .4 Reaction Mechanism 


It is believed that the reactions of table 2 in wLlch Pe 2®3 
was added proceeded almost linearly. This fact must be satisfied 
by the reaction mechanism. One corroboration is the process of 


11 



1 I I .1 


5 

peeling and cracking of the thin layer of S1*^N formed by the re- 
action OP the silicon or on the surface of the solution containing 
Iron [12]. However, In the case of ^©2^3 the melt par- 

ticipates In the reaction; thus the Si^Nii thin layer can possibly 
be attributed, for example, to the V.L.S. mechanism [^1,20], or to 
the dissolution eduction process recorded as S.L.S. [21, 22]. 

The average activation energy 130-160 kcal/mol (table 4) be- 
tween 1300-l400°C is comparatively near the diffusion barrier, 

186 kcal/mol [l4], of nitrogen in Si^Nij synthesized under almost 
the same conditions using identical silicon powder. It vms noted 
that for additions of above 1.6 wt^ of ^^2^3 silicon 

as an Pe additive, 0.24 in completely nitride silicon) the 
amount of increase in reaction velocity hardly changes, and the 
velocity of nitridation was five to tenfold. This fact is in ac- 
cord with separate results [19] where the solubility limits of 
iron in Sl^N^j near l400°C and in silicon at l400°C were 0.4-0. 6 at^. 
It also agrees closely with the fact that the autodlffuslon rate 
of hydrogen in raises one unit when the addition of iron is 

above the solubility limits [l4]. 

The significance of the above is that the reaction proceeds 
according to the diffusion rate. The progress of the reaction is 
linear because, as mentioned before, there is an intervention of 
peelong and cracking of the Si^Nii skin formed on the silicon or 
on the surface of the solution containing iron or an intervention 
of a dissolution eduction process. Hyperbolic reactions were 
noted in highly pure powder with no iron additive. The reason 
for this is not clear, but compared with previous research [12], 
particle size was coarse and it is possible that minute quantities 
of oxygen in the atmosphere participated in the reactions. 
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peeling and cracking of the thin layer of SI formed by the re- 
action or the silicon or on the surface of the solution containing 
Iron [12]. however, In the case of the melt par- 

ticipates In the reaction; thus the Sl^N^^ thin layer can possibly 
be attributed, for example, to the V.L.S. mechanism [^i,20], or to 
the dissolution eduction process recorded as S.L.S. [21, 22]. 

The average activation energy 130-160 kcal/mol (table be- 
tween 1300-1^00®C Is comparatively near the diffusion barrier, 

2.86 kcal/mol [1^], of nitrogen In Sl^N^ synthesized under almost 
the same conditions using Identical silicon powder. It was noted 
that for additions of above 1.6 wtjt of ^^ 2^3 ^^*57 at? In silicon 
as an Fe additive, 0.2^ at? In completely nitride silicon) the 
amount of Increase In reaction ’ "‘loclty hardly changes, and the 
velocity of nltrldatlon was five to tenfold. This fact Is In ac- 
cord with separate results [19] where the solubility limits of 
Iron In Sl^Ni^ near 1^0C®C and In silicon at 1^100°C were 0.^4-0.6 at?. 
It also agrees closely with the fact that the autodlffuslon xate 
of hyc'rogen In raises one unit when the addition of Iron Is 

above the solubility limits [14]. 

The significance of the above is that the reaction pr'^ceeds 
according to the diffusion rate. The progress of the reaction Is 
linear because, as mentioned before, there Is an Intervention of 
peelong and cracking of the Sl^N^ skin formed on the silicon or 
on the surface of the solution containing Iron or an intervention 
of a dissolution eduction process. Hyperbolic reactions were 
noted in highly pure powder with no Iron additive. The reason 
for this Is not clear, but compared with previous research [12], 
particle size was coarse and It Is possible that minute quantities 
of oxygen In the atmosphere participated In the reactions. 
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5 . Summary 


The effects of the addition of ^62*^3 reaction of sili- 

con (purity; 99.99^, average particle size; 15 ym) and nitrogen 
(OgCO.S ppm, dew point<-60°C) were studied at temperatures in the 
vicinity of 1300-li|00°C. When there was no FegO^ added, the re- 
actions proceeded hyperbolically , because the particles were coarse. 
When 0,8 wt^ of ^^2*^3 added to the mixture, linear reactions 

were noted. In the range above 0.8 vft^, the reaction velocity was 
raised five to ten times. The ^©2^3 excess of the solu- 

bility limits of Si^N^i remained as metallic iron after nitridation. /52 
The solubility limits of iron in Si^Nij are believed to be in the 
range of 0.2i|-0.49 at^ at near lil00°C. A tendency was seen for 
the reaction actxvation energy to decrease as the amount of iron 
additive was increased. In cases when the addition of iron was 
small, the value was about I60 kcal/mol, and when the addition was 
6.2 wt^, the value was 133 kcal/mol. 

It is believed that the reactions were determined by the dif- 
fusion rate of nitrogen in the Si^Nj^. With the addition of Pe202, 
the reactions became linear. This was thought to be due to the 
intervention of peeling and cracking of the Si^Njij skin formed on 
the silicon or on the surface of the solution containing iron, or 
that it is mediated by a dissolution eduction process. 
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